Abstract . The synthesis and expression of voltagedependent sodium (Na) channels is a crucial aspect of neuronal differentiation because of the central role these ion channels play in the generation of action potentials and the transfer of information in the nervous system . We have used rat pheochromocytoma (PC12) cell lines deficient in cAMP-dependent protein kinase (PKA) activity to examine the role of PKA in the induction of Na channel expression by nerve growth factor (NGF) and basic FGF (bFGF) . In the parental PC12 cell line both NGF and bFGF elicit an increase in the density of functional Na channels, as determined from whole-cell patch clamp recordings. This increase does VOLTAGE-dependentsodium(Na)channelsp lay a central role in the production and propagation of action potentials in electrically excitable cells (Hodgkin and Huxley, 1952) , and ultimately play a key role in the coding and transfer of information in the nervous system . This makes the synthesis of Na channels and acquisition of electrical excitability a crucial aspect of neuronal differentiation and suggests that an analysis of the mechanisms governing Na channel expression will reveal processes fundamental to the development of the nervous system. Na channels purified from mammalian brain contain a glycoprotein of ti 260 kD, termed the a subunit, as their principal component. Associated with the a subunit of the channels from mammalian brain are a ßl subunit of 36 kD and a 02 subunit of 33 kD (Hartshorne et al., 1982 ; Hartshorne and Catterall, 1984) . Although the ß subunits may modify the functional properties ofNa channels, injection of Xenopus oocytes with mRNA encoding the a subunit alone is sufficient to produce functional Na channels (Noda et al., 
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1986b; Auldetal. ,1988; Suzuki et al . ,1988) . Molecular biological studies have revealed a large family of a subunit genes, including at least four (type 1, II, IIa, and III) expressed in the nervous system, each encoded by a distinct mRNA (Nods et al., 1986a ; Auld et al., 1988; Kayano et al., 1988) and each able to form functional channels when expressed in Xenopus oocytes (Noda et al., 1986b; Auld et al., 1988; Suzuki et al ., 1988) .
While a great deal is known about the biochemical and functional properties of Na channels (for reviews see Barchi, 1988; Stephan and Agnew, 1991) , comparatively little is known about the variety of mechanisms that appear to regulate their expression . For example, the neuronal-specific expression of the type II a subunit is achieved at least in part via neuronal-specific transcription of the type II a subunit gene (Maue et al., 1990) . However, during development of the nervous system the abundance and regional distribution of the different a subunit mRNAs undergo distinct changes (Suzuki et al., 1988 ; Beckh et al., 1989) . Furthermore, translational and posttranslational events, in addition to transcription, appear to be developmentally regulated, ratelimiting steps in the expression of the a subunit of Na channels in the brain and retina (Wollner et al., 1988; Scheinman et al., 1989) , and may contribute to the differential pattern of expression observed for the different types of Na channel proteins in the nervous system .
The rat pheochromocytoma (PC12) cell line is a useful model system in which to study the expression of a variety ofmarkers of differentiation, including the formation of neural processes and the development of electrical excitability (Greene and Tischler, 1976; Dichter et al., 1977; Fugita et al., 1989 ; Halegoua et al ., 1991) . PC12 cells express the type II a subunit gene, the predominant Na channel gene expressed in the nervous system, and in response to nerve growth factor (NGF)l there is an increase in type II a subunit mRNA underlying an increase in the density of functional Na channels (Mandel et al., 1988) . Basic FGF (bFGF) also increases the expression ofvoltage-dependent Na channels in PC12 cells (Pollock et al., 1990) .
NGF and bFGF are expressed in the nervous system in developing and adult organisms (Logan et al., 1985 ; Gospodarowicz et al ., 1986; Levi-Montalcini, 1987; Bothwell, 1991) . They play a critical role in the development of the sympathetic and sensory nervous systems, as well as an important role in the survival and development of neurons in the central nervous system (for reviews see, Thoenen and Barde, 1980; Wagner, 1991; Wagner and Kostyk, 1991; Gage et al., 1991) . Interest in these neurotrophic factors has been enhanced by the realization that they may play a role in the development or therapy of neurodegenerative diseases (Hefti et al., 1989; Stewart and Appel, 1989) .
The biochemical mechanisms underlying induction of Na channels by NGF and bFGF are not well understood. In particular, the role of cAMP-dependent protein kinase (PKA) activity has been controversial (Kalman et al., 1990; Pollock et al., 1990) . We have taken advantage of a series of PKAdeficient PC12 lines (Van Buskirk et al ., 1985 ; Ginty et al., 1991b) to assess the importance ofthese kinases in the regulation of Na channel expression by NGF and bFGR Our results indicate that while PKA activity is not required either for the induction of Na channel mRNA, or for the insertion of Na channel proteins into the membrane, PKA activity does appear to be required for the expression of fully functional Na channels. Thus, the level of active PKA expressed in a neuronal cell can have a profound effect on the excitability of the cell and thereby its ability to generate and transfer electrical signals within the nervous system .
Materials and Methods

Cell Culture
Cells were maintained in a humidified C02 environment in DME containing 0.45% glucose, 10% FBS, 5% heat inactivated horse serum, 100 U/ml penicillin, and 100 ug/mI streptomycin (Gibco Laboratories, Grand Island, NY) . Except where noted, media for the AB-11 and 123.7 cells also contained 500 pg/ml G418 (Gibco Laboratories) . Media was changed every other day and cells were passaged once a week. Cells were either grown in tissue culture flasks and plates (Falcon Labware, Becton Dickinson, Lincoln Park, NJ) or in suspension in 100 mm plastic Petri dishes (Fisher Scientific, Springfield, NJ), which prevents neurite outgrowth but leaves other responses to neurotrophic agents intact, including increases in Na channel expression (Greene and Tischler, 1976 ; Rudy et al ., 1982 ; Mandel et al ., 1988) . For cells grown in suspension, parallel cultures using the same passage of cells and the same lot and aliquot of growth factor were grown on 1. Abbreviations used in this paper: bFGF, basic FGF; NGF, nerve growth factor ; PKA, CAMP-dependent protein kinase ; PKAI, type I CAMP-dependent protein kinase ; PKAII, type II cAMP-dependent protein kinase ; RI, regulatory subunit of PKAI ; STX, saxitoxin .
The Journal of Cell Biology, Volume 116, 1992 tissue culture plastic and the neurite outgrowth used as an additional indication that the treatment was successful . Cells were treated with fresh growth factor, either 10 ng/ml bovine bFGF (Collaborative Research, Bedf)rd, MA), 100 ng/ml of 7S NGF (Upstate Biotechnology, Inc ., Plattsburg, NY), or purified ß-NGF (prepared by the method of Mobley et al . [1976] ), every time the media was changed . For the electrophysiological studies, cells grown in suspension were plated on 35-mm tissue culture plates (Falcon) 1-3 h before recording . During this time the cells adhered to the dish, yet remained round and did not extend long neurites that would interfere with the quality of the voltage clamp .
Electrophysiological Recording andAnalysis
Recording conditions and procedures were similar to those used in previous studies (Mandel et al ., 1988 ; Garber et al ., 1989 ; Ifune and Steinbach, 1990; Kalman et al ., 1990 ; Pollock et al ., 1990) . Just before recording, the culture medium was replaced with a saline solution (151 mM NaCl, 5.4 mM KCI, 1 mM CaC12, 1 MM MgC12, 1.6 mM Na2HP04, 0.5 mM KH2PO4, 6 mM Hepes, 5 .5 mM glucose) . Whole-cell patch-clamp recordings (Hamill et al ., 1981) were made at room temperature (20-24°C) using a List EPC-7 patch-clamp amplifier (Medical Systems Corp .) . Patch electrodes were pulled from capillary glass (WPI, Inc .) and had resistances of 3-7 MII when filled with an internal solution designed to minimize the contribution of other voltage-activated currents (140 mM CsCl, 10 mM EGTA, 10 mM Hepes) . Electrode tips were coated with Sylgaard (Dow Corning) to minimize electrode capacitance. Electronic compensation was used to reduce the effective series resistance and the time constant of membrane charging, and provided measurements of access resistance and cell membrane capacitance . Series resistance compensation of 5070% was routinely used . Data were analyzed from cells with estimated series resistance errors of 5 mV or less. Voltage commands were applied and measurements of currents were made using an Atari computer-based acquisition system and software (Instrutech Corp ., Elmont, NY) . The voltage clamp pulse protocol involved holding the cells at -80 mV and then once every 3 s stepping the membrane voltage through a 40-ms prepulse to -120 mV, followed by a 20-ms depolarizing test pulse. The depolarizing test pulse was -60 mV for the first prepulse/pulse pair, and was incremented by 10 mV in each subsequent pair until it reached +30 mV. Each prepulse/pulse in the series was immediately followed by a proportionally smaller pair of P/4 pulses of identical duration from a holding potential of -120 mV. In some experiments (see Results), a holding potential of -120 mV and prepulse to -160 mV was used . The current signal was low pass filtered at 10 kHz, digitized at 20 kHz for storage, and digitally filtered at 2 kHz during analysis. Linear leakage currents and capacity transients were subtracted with scaled pulse (P/4) routines . For each test voltage, the peak inward current and time-to-peak current were measured . For each cell, the current vs . voltage relationship and the kinetic information were used as additional indications of the quality of the voltage clamp. The maximum Na current amplitude elicited from a cell, along with the measure of cell capacitance, was used to calculate Na current density. For each experimental condition, several platings of cells and different lots of growth factor were used without any difference in results .
RNA Isolation and Northern BlotAnalysis
For RNA isolation, cells were plated in 150-mm tissue culture dishes at -107 cells per dish, or maintained in suspension in plastic Petri dishes (Fisher) at -106 cells per dish . Total cellular RNA was isolated by the method of Chirgwin et al . (1979) and 20 -kg samples were size-fractionated on 1 .0% agarose gels containing 2 .0 M formaldehyde. After electrophoresis, the RNA was transferred to a nitrocellulose filter overnight, the filter baked at 80°C for 2 h, and then prehybridized for 4-5 h at 65°C in 50% formamide/0.1% SDS/0.1% ficoll/0.1% polyvinylpyrolidine/0 .1% BSA/6 XSSC (150 mM NaCl, 15 mM Na citrate, pH 7)/20 mM EDTA/100 Wg/ml denatured salmon sperm DNA. A complementary RNA probe was generated using a commercially available kit (Promega Biotec, Madison, WI) and 12 P-labeled UTP. The template was a cDNA encoding a portion of the rat brain type II a subunit corresponding to amino acids 1528-1912 of the published sequence (Noda et al ., 1986a) . This probe has been used in previous studies to detect the -9 .5-kb Na channel transcripts (Mandel et al ., 1988 ; Beckh et al ., 1989) . The specific activity of the probe was 0.5-2 .0 x 109 dpm/pg, and was added directly to the prehybridization solution at a final activity of 106 dpm/ml . After a 12-18-h hybridization at 65°C, the filter was washed three times (30 min each) at room temperature in 0.5 x SSC/0.5 % SDS, twice (30 min each) at 64°C in 0.2 x SSC/0.5 % SDS, and then autoradiographed with preftashed film . In some cases the internal control for RNA loading artifacts was the ethidium bromide staining, photography, and quantitation of the ribosomal RNA bands, while in others it was the densitometric analysis ofthe autoradiographic densities representing the 1-kb cyclophilin mRNA, which is constitutively expressed in PC12 cells and unaffected by growth factor treatment (Machida et al ., 1989) .
Saxitoxin BindingAssays
Saxitoxin (STX) binding was measured using previously developed procedures (Catterall and Morrow, 1978 ; Rudy et al ., 1982) . Cells were maintained in 35-mm tissue culture plates (Falcon) . Culture medium was gently removed and replaced with 1 ml of a solution containing 130 mM choline chloride, 5 .4 mM KCI, 0.8 MM MgC12, 5.5 mM glucose, 50 mM Tris/Hepes, pH 7.4, and, based on the apparent Kd for STX (-2 nM), a saturating concentration (20 nM) of [3H]STX (Amersham Corp., Arlington Heights, IL) . Parallel cultures incubated in the same solution plus 2 AM unlabeled tetrodotoxin (TTX) (Calbiochem Behring Corp ., LaJolla, CA) were used in determining nonspecific binding . Cells were incubated with continuous gentle shaking at 4°C for 45 min in order to achieve equilibrium, and then unbound [3H]STX was removed by quickly washing three times (3 s each) at 0°C with 3 ml of a solution containing 163 mM choline chloride, 1.8 mM CaC12, 0.8 MM MgC12, and 5 mM Tris/Hepes, pH 7.4 . Cells were then dissolved in 1 ml of 0.5 % Triton X-100 and the extracts counted by scintillation counting . Cell number was determined from parallel plates cultured under identical conditions and quantified using a hemocytometer. In each experiment, assays were done in triplicate .
Results
Effects ofPKA Deficiency on the NGF-and
MGF-mediated Increases in Functional Na Channel Density in PC12 Cells
Using the whole-cell recording configuration of the patch clamp technique (Hamill et al., 1981) , we could easily detect the increase in Na channel expression that occurs in the parental PC12 cell line upon exposure to NGF or bFGF (Fig.  1, a and c) (Mandel et al., 1988) . In these experiments, cells were grown in suspension under conditions that allow the induction of Na channel expression in response to neurotrophic agents, while avoiding the problems obtaining adequate voltage-clamp in cells with extensive neurite outgrowth (Mandel et al., 1988) . Macroscopic Na currents elicited by brief depolarizing pulses between -50 to +30 mV were measured and the peak Na current normalized to the area of cell membrane, the latter estimated from cell capacitance measurements . This allowed changes in Na current density to be distinguished from changes in Na current amplitude simply resulting from changes in cell size. When assayed under these conditions, only a small number (4/20) of untreated PC12 cells had appreciable Na currents (100-240 pA maximum peak Na current), consistent with previous studies (Mandel et al., 1988; Garber et al., 1989; Pollock et al., 1990) . In contrast, in cells grown in the presence of NGF for 7 d, there was a dramatic increase in both the fraction of cells (18/22) with large Na currents (>100 pA) and the average Na current density (Fig. 1 c) . The average Na current density in the NGF-treated cells was significantly greater (P < 0.01) than in untreated PC12 cells, despite an accompanying increase in cell capacitance (Fig. 1 ) that presumably reflects thehypertrophy ofthe cells inresponse to NGF (Greene and Tischler, 1976 . Thus, the increase in current per cell was even larger than the increase in current density. Similar changes were observed when cells were treated with bFGF for 7 d (Fig. 1 c) . Large Na currents could be elicited from Ginty et al . Sodium Channel Induction Requires Protein Kinase Activity 81% of the cells (21/26) . The average Na current density was significantly greater (P < 0.01) than in untreated cells, despite an increase in cell capacitance . The properties of the Na currents were similar before and after treatment with NGF or bFGF: Na currents could first be detected between -40 to -50 mV, reached their maximum between -10 to -20 mV, and, at the most depolarized potentials, peaked within 1 ms of the onset of depolarization .
Todetermine ifPKA plays a role in the induction ofvoltagedependent Na channels by NGF and bFGF, the effect ofthese neurotrophic factors on functional Na channel expression was determined in two PKAdeficient PC12 lines (AB-11 and 123 .7) which were constructed by incorporating a gene encoding either one of two mutant regulatory subunits (RI) of PKA (Woodford et al., 1989) into parental PC12 cells (Ginty et al., 199lb) . In both cell lines the overexpression ofthe mutant RI subunits represses cAMF-dependent activation of both the type I isozyme (PKAI) and the type II isozyme (PKAII) ofPKA by -90% in both the presence and absence of NGF (Ginty et al., 1991b) . While responses to cAMP are repressed, both cell lines still respond to NGF, as evidenced by increases in cell size, neurite outgrowth, protein phosphorylation, and the expression of egr-1, fos, GAP-43, and omithine decarboxylase (Ginty et al ., 1991a,b) . However, when compared to the parental PC12 cell line, there are striking differences in Na channel expression in both PKAdeficient lines (Fig. 1, b and c) . In untreated AB-11 cells, none of the cells (0/27) had appreciable Na currents (>50 pA), and the average Na current density (Fig. 1 c) was significantly less than that detected in untreated PC12 cells (P < 0.05). Even after exposure to NGF for 7 d, there were no AB-11 cells exhibiting appreciable Na currents (0/20), nor was there any change in the average Na current density (Fig. 1 c) , despite a slight increase in cell capacitance that suggested the cells responded to the treatment . Similarly, exposure to bFGF did not produce any cells with appreciable currents (0/23), nor did it result in an increase in average Na current density (Fig. 1 c) .
The results obtained with the 123.7 cells were equally dramatic (Fig. 1, b and c) . None of the untreated 123 .7 cells (0/24) had appreciable Na currents and the Na current density (Fig. lc) was less than in untreated PC12 cells. After treatment with NGF or bFGF for 7 d, there was an increase in cell capacitance, yet none of the cells had large Na currents (0/40) andthe average current density actually declined slightly (Fig. 1 c) . The same results were obtained when ÁB-11 and 123 .7 cells were cultured in the absence of neomycin (data not shown) . In addition, there was no detectable change in Na channel expression in AB-11 cells that were plated on tissue culture plastic throughout NGF treatment (n = 6), nor any effect on NGF-mediated Na channel induction when PC12 cells stably expressed an unrelated fusion gene (RSVCAT) (data not shown) . Altered inactivation properties ofthe Na channels did not appear to account for the absence of large Na currents in the PKA-deficient cells treated with NGF, as a holding potential of -120 mV and a prepulse of -160 mV failed to unmask any Na currents (data not shown) . Finally, the failure ofNGF to induce Na channel expression was not due to a failure of these cells to respond to NGF, because in addition to the increases in cell capacitance (and presumably cell size) both of these lines extended neurites in response to NGF and bFGF when parallel cul- Thus, in the absence of active PKA, NGF and bFGF are apparently not capable of evoking an increase in the expression of functional Na channels in PC12 cells . We also determined the effect of neurotrophic agents on functional Na channel expression in A126-1B2, a PC12 line that has reduced PKA activity . These cells, which were isolated after nitrosoguanidine mutagenesis, have reduced activity of PKAII, yet normal activity of PKAI, which constitutes -20% of the total PKA activity (Van Buskirk et al ., 1985) . These cells exhibit many of the expected responses to NGF and bFGF, and have been used to show that while PKA does not have an essential role in the regulation of a Figure 1 . Macroscopic Na currents in PC12 and PKA-deficient PCP cells cultured in either the presence or absence of peptide growth factors . (A) Voltage-dependent Na currents in untreated and NGF-treated PC12 cells (B) . Voltage-dependent Na currents in untreated and NGF-treated 123 .7 cells . In both A and B, cells were held at -80 mV, and the superimposed current records shown were elicited by depolarizing pulses to -50, -40, -30, and -20 mV after a 40-ms prepulse to -120 mV. Capacitative and leakage currents were subtracted from the records using scaled pulse (-P/4) routines . (C) Average Na current density in PC12 and PKA-deficient PC12 cells in response to NGF and bFGF. The number of cells in each group is indicated in parentheses above the bars . The SEM is shown as an error bar. Average cell capacitance (mean f SEM) was also calculated for PC12 cells (7 f iance (H test) (Freund, 1973 Damon et al ., 1990; Machida et al ., 1991) , it is important for the down regulation of calmodulin-dependent protein kinase (Brady et al ., 1990) and the induction of early response genes in the absence of protein kinase C (Damon et al ., 1990) . Surprisingly, a majority of untreated A126-1112 cells (22/32) exhibited large Na currents . The Na currents appeared qualitatively similar to those in PC12 cells, with the maximum current occurring in response to depolarizations to between -10 to -20 mV and the peak current occurring -1 ms after the onset of de- polarization . Even though A126-1B2 cells are larger than PC12 cells, as noted visually and by the estimates of cell capacitance, the average Na current density in the untreated A126-1B2 cells was still significantly (P < 0.01) higher than in untreated PC12 cells (Fig. 1 c) . After exposure to either Ginty et al . Sodium Channel Induction Requires Protein Kinase Activity NGF or bFGF for 7 d, there appeared to be a slight increase in the Na current density (Fig. 1 c) as well as an increase in the proportion of cells with large Na currents (28/34 and 19/22, respectively) and an increase in the average cell capacitance. However, the increase in Na current density was not statistically significant (P > 0.05). Thus, A126-1112 cells, like AB-11 cells and 123 .7 cells, appear to be resistant to growth factor-induced increases in functional Na channel expression .
Effects ofPKA Deficiency on the
NGF-and bFGF-mediated Increases in Na Channel mRNA Levels in PC12 Cells
To help define the step in the expression of functional Na channels at which the activity of PKA was necessary, the expression of Na channel mRNA was measured using Northern blot hybridization analysis. In untreated PC12 cells there was a detectable amount of Na channel mRNA (Fig. 2 a) , consistent with previous results (Mandel et al., 1988) . Exposure to NGF caused a marked increase in the steady-state levels of Na channel mRNA (Fig. 2 a) , as did exposure to bFGF (Fig. 2 c) . The increase in Na channel mRNA in response to growth factors was observed whether cells were plated on tissue culture plastic (Fig. 2 a) or grown in suspension (Fig. 2 d) . Na channel mRNA levels also increased in both AB-11 and 123.7 cells in response to NGF or bFGF (Fig. 2) , despite the fact that the density of functional Na channels in these cells did not increase (see above) . In untreated 123.7 cells the levels of Na channel mRNA appeared to be slightly lower than found in untreated PC12 cells (Fig. 2 a) . In response to NGF treatment there was a four-to fivefold increase in Na channel mRNA, comparable to that seen in the parental PC12 cells (Fig. 2 a) . Increases in Na channel mRNA levels in 123 .7 cells also occurred in cells treated with NGF while grown in suspension (data not shown) and in cells grown in the presence of bFGF (Fig. 2 c) . Similarly, NGF caused an increase in the level of Na channel mRNA in AB-11 cells, whether grown on tissue culture plastic (Fig. 2 a) or in suspension (Fig. 2 d) . AB-11 cells treated with bFGF also had higher levels of Na channel mRNA than their untreated counterparts (Fig. 2 c) .
In Al26-1B2 cells, there was also an increase in the steadystate level of Na channel mRNA in response to NGF treatment, irrespective of whether the cells were plated on tissue culture plastic (Fig. 2 b) or grown in suspension (Fig. 2 d) . Similar increases in Na channel mRNA levels occurred in A126-1B2 cells treated with bFGF (data not shown) . Thus, bFGF, like NGF, causes an increase in Na channel mRNA in PC12 cells, and the increase in Na channel mRNA levels caused by these two growth factors apparently occurs via mechanisms that are independent of PKA activity. Apparently, PKA activity must be required at some posttranscriptional step in the growth factor-mediated induction of functional Na channels in PC12 cells .
Effects ofPKA Deficiency on the NGF-and bFGF-mediated Increases in Saxitoxin Binding to PC12 Cells
To determine whether the accumulation of Na channel mRNA in the PKA-deficient cells resulted in an increase in the density of a subunit proteins in the cell membrane, [3H]saxitoxin ([3H]STX) binding to Na channel a subunit was measured using previously developed procedures for intact cells (Catterall and Morrow, 1978 ; Rudy et al., 1982) . In untreated PC12 cells there was a small amount of specific [3H]STX binding (Fig. 3) (Freund, 1973) .
patch clamp recordings and Northern blot hybridization analysis presented here (see above), as well as with the results of previous studies (Rudy et al., 1982) . Upon exposure to NGF for 7 d, there was a significant increase (P < 0.01) in the amount of binding (Fig. 3) . The magnitude of the increase was comparable to results obtained in earlier studies (Rudy et al., 1982) , given the differences in the length ofNGF treatment (7 d vs 14 d). There were significant increases (P < 0.01) in ['H]STX binding to 123.7 cells (Fig.  3) and AB-11 cells (data not shown) upon exposure of the cells to NGR The magnitude of the increase in the PKAdeficient cells was similar to that observed for the parental PC12 cells (Fig. 3) . Based on the results of the [3H]STX binding assays, it appears that the growth factor-mediated increases in the level of Na channel a subunit in the membrane occur via PKA-independent mechanisms . However, based on the electrophysiological data, it appears that these Na channels are not fully functional in PKA-deficient cells . Thus, active PKA is presumably required at a posttranslational level in order for these channels to function normally.
Discussion
We have studied regulation of voltage-dependent Na channel expression by NGF and bFGF at three levels : the level of mRNA expression, the level of insertion of the a subunit of the channel into the membrane, and at the level ofthe expression of the functional channel . These studies have used a series of PKA-deficient cell lines to define an important step in Na channel expression that is controlled by PKA . Consistent with previous studies (Mandel et al., 1988) , there is a four-to fivefold increase in Na channel mRNA levels in response to treatment with NGF ; we have now demonstrated a similar increase occurs in response to bFGR Both NGF and bFGF also elicit a similar four-to fivefold increase in Na channel mRNA in three PKAdeficient lines, AB-11, 123 .7, and A126-1112 cells, demonstrating for the first time that increases in Na channel mRNA in response to these growth factors can occur via PKA-independent mechanisms . These observations are reminiscent ofexperiments that show PKA-independent increases in mRNA for other "late genes whose expression is associated with growth factor-mediated neuronal differentiation, including those encoding GAP43 and transin (Ginty et al., 1991; Machida et al., 1991) . Likewise, there are a number of early genes whose induction is not absolutely dependent on functional PKA (Ginty et al., 1991a,b) , although PKA may be necessary for the induction of some genes in the absence of functional protein kinase C (Damon et al., 1990) . The increase in Na channel mRNA expression in the parental PC12 cells as well as in the PKA-deficient mutants was accompanied by an increase in the expression ofNa channels as measured by [3H]STX binding. The changes in Na channel expression in both the mutant and parental PC12 cells were in agreement with the previously documented changes in ['H]STX binding to the parental PC12 cell line upon treatment with NGF (Rudy et al., 1982) . Because of the specificity of STX binding, the results indicate that there was an increase in the density ofNa channel proteins in the membrane of the PKA-deficient PC12 cells in response to growth factor treatment and for the first time provide evidence that the synthesis and expression of the Na channel proteins in the cell membrane can occur via PKA-independent mechanisms.
Despite a minor effect, ifany, ofPKA deficiency on the induction of Na channel mRNA and the expression of the protein at the membrane, there is a profound effect of the PKA deficiency on the formation of functional channels in response to both NGF and bFGR Initial experiments in PC12 cells demonstrated five-to sixfold increases in the density of functional Na channels in response to both NGF and bFGR The magnitude of this increase was similar to that observed in previous studies (Garber, et al ., 1989; Ifune and Steinbach, 1990; Pollock et al ., 1990) , as were the measurements of cell capacitance, peak Na current amplitude, and Na current density, when assayed under similar conditions. The average Na current density reported by Pollock et al. (1990) was larger than the values reported here, presumably Ginty et al . Sodium Channel Induction Requires Protein Kinase Activity due to the result of longer growth factor treatments (7 vs 10 d) and the presence of extensive neurite outgrowth, the latter not required for Na channel expression, but resulting in slightly higher levels of Na channel expression (Rudy et al., 1982; Pollock et al., 1990) . Although all PKA-deficient cell lines responded to the growth factors, as evidenced by neurite outgrowth in parallel cultures and increases in cell capacitance, the expression of functional Na channels in response to NGF or bFGF was eliminated or strongly reduced in these lines. In the AB-11 and 123 .7 lines there was no measurable increase in functional channels, while in the A126-1132 line there was no significant increase in channel expression. Intriguingly, the Al26-1132 cells differed from the other cell lines primarily in the high basal level of expression of functional Na channels, not in the level of induction after treatment with peptide growth factors . The reason for this is unknown . It is possible that a minimum of PKA activity is required in order for elevated Na current density, and that the basal activity in the A126-1B2 cells is sufficient, while the lower levels in the other cell lines are not . The selective loss ofonly one of the isoforms of PKA in the A126-1132 cells also raises the possibility that PKAI and PKAII have distinct roles in the regulation of Na channel expression . Alternatively, the results may reflect a variation between A126-1132 cells and the other cell lines that is not linked to the known changes in PKA expression (for discussion see Ginty et al ., 1991b) . Although the potential ambiguities of the A126-1112 line further emphasize the advantage of the defined mutations and alterations in the AB-11 and 123.7 cells, the fact that the change in the expression of functional Na channels in the A126-1132 cells was smaller than might be expected from the magnitude of the induction of Na channel mRNA supports the results obtained in the other mutant cell lines that indicate that PKA activity is necessary for the NGFmediated increase in functional Na channels. This is consistent with work of Kalman et al. (1990) and extends their findings in two ways : we have shown that induction of the channel by both NGF and bFGF requires PKA, and, more importantly, we have shown that this requirement for PKA occurs posttranscriptionally and posttranslationally.
The induction of functional Na channels by NGF and bFGF is a "late" response in the cascade of changes caused by these growth factors and the functional expression of this multisubunit protein complex in the cell membrane probably results from the convergence of many cellular processes . Although we do not know the exact point at which PKA activity is required, the expression of Na channel proteins in the membrane, as indicated by [3H]STX binding, without an increase in functional Na channels suggests that PKA activity is required at a posttranslational level. Among the possibilities include a requirement during the posttranslational subunit assembly and expression of the channel in the membrane or a phosphorylation of the channel protein itself. There are a number of precedents for the involvement of PKA in these aspects of ion channel expression . For example, Ross et al. (1991) have shown that agents that increase cAMP increase subunit assembly and surface expression of the acetylcholine receptor channel . Analysis of Na channel biosynthesis in the developing brain (Schmidt et al ., 1985; Schmidt and Catterall, 1986; Scheinman et al., 1989) and retina (Wollner et al., 1988) , have led to the suggestion that there is a developmentally regulated translational or post-translational step in neuronal Na channel expression. In particular, the temporal correlation between the covalent attachment of the B2 subunit to the a subunit and the appearance of the complex on the cell surface has been used to suggest that the 02 subunit is important for assembly and/or insertion and that this posttranslational association is a regulated and rate limiting step in the formation of functional Na channels at the cell surface during development . In the studies presented here, the large increase in the number of [3H]STX binding sites in the PKAdeficient cells suggests that large numbers of a subunits are being expressed in the surface membrane. In addition, although coinjection ofsmall molecular weight mRNAs may increase the level of Na channel a subunit expression in Xenopus oocytes (Auld et al., 1988) , the a subunit by itself can form functional channels (Noda et al ., 1986b ; Auld et al., 1988; Suzuki et al., 1988) . As a result, it does not seem likely that the results in the PKAdeficient PC12 cells were due to alterations in subunit assembly that prevented Na channel expression to occur. Another possibility is that PKA is necessary for the phosphorylation of the a subunit of the Na channel protein . The a subunit of the Na channel is a substrate for PKA in vitro and in situ (Costa et al., 1982; Rossie and Catterall, 1987) . In all of the a subunits cloned from mammalian brain, there is an intracellular segment of the channel protein that contains a concentration of putative PKA phosphorylation sites (Rossie et al., 1987;  for discussion see Trimmer and Agnew, 1989) . In preliminary experiments where mRNA from a cloned a subunit gene is expressed in Xenopus oocytes, measures that presumably decrease the PKA-mediated phosphorylation of the expressed Na channel protein, including the injection of phosphatases or the mutation ofputative PKA phosphorylation sites ofthe protein, dramatically decrease the amplitude of the Na currents (Smith, R. D., and A. L. Goldin. 1991. Neurosci Abstr. 17:953) . An effect of PKA at this late point in the synthesis and expression ofNa channels might explain the apparent lackoffunction of the channels induced by NGF and bFGF in the AB-11 and 123 .7 cell lines . If a limited degree of channel phosphorylation can result in some functional activity, then the basal PKA activity in the A126-1B2 cells may be sufficient to explain the presence of functional Na channels in this cell line.
In summary, while an initial analysis of events occurring earlier in the response to NGF suggested PKA activity did not play a central role in NGF mediated neuronal differentiation (Ginty et al., 1991x) , the results presented here demonstrate that at least one critical component ofthat process, the functional expression ofvoltage-dependent Na channels, requires the activity of PKA . These experiments support the idea that it is the combination of a variety of signalling pathways that underlies neuronal differentiation . In particular, these experiments suggest that the activity of PKA can modify the expression of the voltage-dependent Na channel, and thereby influence electrical excitability. More provocatively, the results suggest that compartmentalized differences in the level ofPKA activity could lead to local modifications ofelectrical excitability in discrete domains ofthe cell membrane.
